INTRODUCTION
Carbon-carbon composites are among the most successful of advanced materials, finding applications ranging from brakes and clutches in aircraft and race cars, to rocket and jet motor components, and even valves in the Jarvik-7 artificial heart. L2 These composites have several unique advantages: a very low coefficient of thermal expansion, increasing strength with temperature to over 2500 K, and a high sublimation temperature of over 3500 K.' Other advantages include their high strength-to-density ratios, high modulus-to-density ratios, good thermal conductivity, and the ability to conduct electricity.
Unfortunately, as with many composite materials, high production costs limit exploitation of their unique properties. A recently developed process for the rapid densification of carbon could reduce production costs.3 In this process, the gas-phase precursor cyclohexane (C6H12) is used to densify preforms of carbon fiber woven into a desired shape. Improvement and control of this process requires a better knowledge of the chemical transformation of cyclohexane to solid carbon. In fact, we are not aware of any work characterizing the gas-phase kinetics during this transformation. Previous gas-phase studies of cyclohexane decomposition were motivated by petroleum applications and focused on relatively early stages of the decomposition proce~s.~-l Studies motivated by the materials applications of carbon-carbon composites have generally focused on deposition kinetics or on materials properties such as microstructure.ll2 For these non-equilibrium processes, a knowledge of the depositing species and the kinetics of their formation is crucial to attaining an understanding of the deposition process.
As part of a multi-program effort to understand and model chemical vapor deposition processes, this work explores new pyrolysis regimes at very high levels of decomposition under conditions amenable to modeling the reaction chemistry. Specifically, in this paper we report experiments in a high-temperature flow reactor (HTFR), covering the range from low to extremely high levels of decomposition. Experiments at lower temperature (1 160 K) involve reactions of cyclohexane and its primary reaction products and carry the decomposition from low to complete consumption of cyclohexane. Experiments at higher temperature (1360 K) continue the decomposition of reaction products until the system approaches a quasi-equilibrium of more kinetically stable species. An investigation of the microstructure and deposition kinetics under similar reaction conditions will also be published, along with a detailed kinetic model incorporating a cyclohexane reaction mechanism complete with deposition. 14J5 In contrast to the short residence-time data obtained in earlier studies, we observe generation of significant amounts of polyaromatic hydrocarbons (PAH). As reaction progresses, extensive dehydrogenation is observed along with the buildup of molecular hydrogen. At the highest temperature and residence time, the major gas-phase species are hydrogen, methane, ethylene, acetylene, and benzene, which account for 99% of all gas-phase species observed under these conditions. These species react slowly even though the system is far from equilibrium,14 due to their kinetic stability and depletion of the pool of reactive radicals present at early stages of the decomposition. Thus, these experiments bridge the gap between the gas-phase and materialsscience work and enable the generation of a simple model of the gas-phase chemistry involved in the deposition of carbon from cyclohexane. l4
EXPERIMENTAL METHODS
Experimental Configuration and Experimental Conditions. A schematic of the HTFR is shown in Figure 1 . Reactions occur within a 100-cm long graphite tube (5.0 cm ID) which is enclosed within a water-cooled, insulated vacuum chamber. The reaction tube is oriented vertically with gas flowing from top to bottom. Three independently controlled graphite heating elements surround the tube and heat the gases flowing within it to temperatures up to 1500 K. Reactor pressure is measured and controlled (to k 0.1 torr) by a pressure transducer (MKS Instruments) coupled to a throttle valve in the vacuum line. Cyclohexane enters the HTFR through a water-cooled injector and mixes with the preheated carrier gas. The injector is movable, allowing the reactant residence time to be varied with respect to a quartz probe used for sampling. Gases are extracted from the HTFR by a quartz sampling probe with a 325-pm orifice inserted into the center of the flow in the diagnostic region, defined by the intersection of window ports about 24 cm downstream of the reactor hot zone. The pressure inside the probe was maintained at 2.0 k 0.1 torr by a pressure transducer/throttle valve combination. Once extracted by the probe, the gases flow past a 200-pm orifice attached to an Extrel EXM-500 quadrupole mass spectrometer system where a small portion is expanded into the mass spectrometer for analysis using 70 eV ionization energy. Mass scans up to 250 amu were used to identify decomposition products. Accurate mass calibration was verified by measuring the mass spectrum of perfluorotributylamine. To ensure uniform mass sensitivity, the spectrometer was tuned on a cyclohexane signal to agree with spectra reported in the literature.
To
In a typical experiment, helium carrier gas enters the reaction tube and is preheated to the reactor temperature by graphite heat exchangers in contact with the wall adjacent to the first heating element. Cyclohexane is then mixed with the hot carrier gas, following transport to the reactor through the injector. Under the experimental conditions adopted here, both mixing and thermal equilibration of the injected cyclohexane with the preheated carrier gas are rapid compared with the time allowed for reaction to occur. This has been shown by two-dimensional computer simulations of the mixing process. Experiments at 673 K, where cyclohexane does not undergo observable decomposition, also suggest that mixing is fast since the cyclohexane molecular-ion signal is essentially unchanged by moving the injector position from 20.0 cm to 62.0 cm from the mass spectrometer probe.
Reactor temperatures were measured with both shielded and unshielded thermocouples, which are inserted into the reactor on the centerline through the injector. A typical temperature profile is included in Figure 1 . Radiation effects on measured temperatures were evaluated by obtaining axial temperature profiles using thermocouples of widely different bead sizes (93 pm and 983 pm). The profiles obtained for the two bead sizes were identical to within f 2 K, indicating that the measured temperatures reflect the temperature of the gas. For day-to-day operation, an inconel-shielded thermocouple resides within the injector and can be extended into the flow tube to verify the temperature. For the flow rates used in these experiments, the shape of the temperature profile is unaffected by the flow rate of the carrier gas. A zone of approximately uniform temperature (k 10 K) exists between 24 cm and 62 cm above the tip of the sampling probe. As shown in Figure 1 (see *), at ca. 24 cm above the tip of the sampling probe, the temperature in the reactor begins to fall off rapidly (by -40 "C in 5 cm and -105 "C in 10 cm) because the detection region is unheated. Typically, mass spectra are obtained with three injector locations (24,43, and 62 cm) above the sampling probe. In these experiments, flat-zone temperatures of 1163, 1263, and 1363 K are used with total pressures of 25 and 250 torr and total flow rates of 1.5 and 5 slpm.
Delivery of gases to the reactor is controlled by calibrated mass flow controllers (Tylan or Brooks). To use liquid reactants such as cyclohexane, a temperature-controlled reservoir and mass flow controller system (J. C. Schumacher Co., Carlsbad, CA) is used. Cyclohexane was purchased from Aldrich and has a reported purity of 99.9%. Flow rates of cyclohexane range from 0.03 slpm to 0.07 slpm corresponding to initial cyclohexane concentrations of 1-8%.
Determining Residence Time. The HTFR is used to measure reaction rates and product branching from mass spectrometer measurements as a function of residence time. Residence time is calculated by assuming plug-flow conditions and dividing the distance (I> that the reactant travels by the convective flow velocity (U) (Eq. (1)).16 The perfect experiment would vary reactant residence time between zero and the maximum allowed while maintaining a uniform temperature. This ideal is difficult to achieve; thus, several compromises must be made.
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(A = cross-sectional surface area) (Q = volumetric flow rate) First, one cannot obtain data at "zero" residence time because all flow-reactors require a finite time (distance) to allow the reactant to mix with the carrier gas. At these high temperatures, low pressures, and relatively low mass-flow rates (Reynolds numbers < loo), mixing is dominated by diffusion allowing the mixing time to be estimated by Eq. (3).16 Data must be obtained with the injector and the sampling probe separated by a distance sufficient for mixing. The mixing length (distance traveled by the reactant before it becomes well-mixed) is given by Eq. (5) after substituting Eq. (4) into Eq. (3). The main result of this complication is that one cannot obtain data at a true zero residence time. However, since lower temperatures should quench thermally activated reactions, we arbitrarily assign a residence time of zero for reactants injected at the point where the temperature starts to drop (24 cm above the sampling probe--denoted by a * in Figure 1 ). Data approaching true zero residence time can be obtained at this location by using low pressures and high flow rates.
Second, a complete picture of the decomposition process cannot be obtained from a single experiment, requiring results from several experiments to be pieced together. Thus, to achieve a larger dynamic range in residence time, a series of experiments are usually performed having different flow rates (Q and thus, U) and pressures (p). For example, total residence time in the reactor tube is shorter at lower pressures and higher flow rates. Experiments under these conditions give good resolution of the behavior at short total residence times while still maintaining a tres that is significantly longer than tnlk. Alternatively, higher pressures and lower flow rates are used to obtain data at long residence times. Experiments under these conditions provide more extensive decomposition but have poorer (absolute) time resolution and thus will not yield accurate information at short residence time. The results are then combined to yield concentration plots over the entire range of residence times. Two complications can result from this approach. First, reaction rates may be a function of pressure. Second, tmjx in the long residence-time experiments can be large compared to the tres of the short residence time experiments (tmjx depends on p because Dc is proportional to l / p ) . Thus, it can be difficult to directly overlap data with the same nominal residence time but taken under different reaction conditions. Lastly, although lower temperatures in the unheated detection region of Sandia's HTFR will quench most thermally activated reactions, some decomposition may still occur. This is unfortunate, since the end of the uniform-temperature region (labeled by a * in Figure 1 ) is a convenient point to define a "zero residence time" (because the velocity is changing in the detection region, it is difficult to calculate the residence time in this zone). We estimate that in most cases, the amount of decomposition will be small. However, at high temperatures and low flow rates, this factor complicates efforts to combine data sets.
The complications described above are not as serious as they may appear. We use the zero provided by the data with the shortest overall residence time, since it should involve the least reaction in the detection region. Longer residence-time data are then plotted on the same graph, ignoring any data points with residence times shorter than those encountered in the experiments at higher Q and lower p which have better temporal resolution. When more rigorous comparison of experiments under different conditions is desired, we follow the common practice of comparing data at similar levels of decomposition.
Data Analysis. To obtain concentrations as a function of residence time, three analog mass spectra were averaged at each injector position and an averaged background spectrum was then removed. The background spectrum was measured immediately before or after a series of measurements using the same reaction conditions but no cyclohexane. The background typically consisted of relatively small peaks from water, nitrogen, turbopump oil (m/z 44), and a large peak at m/z 4 from the helium carrier gas.
Fragmentation of high-molecular-weight ions provides the main complication when using mass spectrometric product detection, yielding signals that may overlap with those of other species. To minimize such interference we developed the following analysis method. Beginning with the peak for the highest observed mass, we identified products by making comparisons with literature mass spectra from Cornu and Massot's compilation. l7 Identification was particularly straightforward for aromatic species since the molecular ion (M) and M-1 ion are usually the largest peaks in their spectra. However, it was not always possible to distinguish between structural isomers (such as anthracene and phenanthrene) with this method. The contribution to the spectrum measured in the HTFR for each species identified was then removed by normalizing the reported fragmentation pattern to a characteristic ion signal (usually M or M-1) and then subtracting this from the measured spectrum. By starting the subtraction process at the highest mass signal and sequentially working toward lower molecular weight species, the contributions to the lower mass signals from fragments of higher molecular weight species can be removed. This allows signals for most species to be observed without interference. For example, styrene has a parent ion signal at 104 amu while benzene's parent ion signal is at 78 amu. But styrene also has a fragment ion producing a signal at m/z 78 that is about 32% of its 104-amu peak. If a signal is observed at m/z 104 of 1.0 (arbitrary units) from styrene, then subtraction of 0.32 from the signal at m/z 78 yields the parent ion signal at m/z 78 for benzene. The lack of isomeric structural information can produce some error, since two structural isomers may not have identical spectra. However, most of the isomers of hydrocarbons encountered in this study have similar spectra.17
Absolute concentrations were not determined because long-term changes in the size of the probe orifice from buildup of carbon deposits affected instrument sensitivity. Overlapping signals also prevented the use of an internal standard such as argon. Product abundances relative to n-butane were determined from characteristic ion signals by using the standard ratios reported in Cornu and Massot's compilation to correct for differences in sensitivity.17 The compilation provides the ratio of the largest peak in a mass spectrum to that of the largest peak of n-butane (m/z 43) when the two are in equal abundance.
This experimental method differs from those used previously for the detection of hydrocarbon species in flames1* In those experiments, lower electron energies were used for the ionization process. Our current experimental configuration does not allow us to use lower electron energies. However, our method is advantageous in that it allows experimental data to be compared with literature spectra taken at the standard 70 eV conditions, making quantitative measurement of abundances much simpler. The disadvantage arises in the more extensive fragmentation which complicates the analysis.
The mass spectrometer used here does not provide uniform mass sensitivity to very low amu. Thus, the signal levels at 2-4 amu were much lower than those measured at higher mass. This decreases the accuracy of measured hydrogen concentrations because the low sensitivity at 2 amu amplifies any error. To obtain accurate hydrogen abundances (relative to the other species), we calibrated its signal to that of cyclohexane using known flow rates of both species.
RESULTS AND DISCUSSION
Product Branching. The 29 different products detected in the pyrolysis of cyclohexane are shown in Figure 2 . Although Figure 2 shows molecular structures, as noted above, mass spectrometric detection actually provides only the atomic formula. The structures in Figure 2 are those most consistent with the expected reaction mechanism14 and/or the most stable structures19 for a given atomic formula. Most of the detected species are significantly unsaturated (dehydrogenated) indicating that dehydrogenation reactions are important in the pyrolysis process. In fact, the only saturated hydrocarbons observed as products are methane and ethane. Notice that a broad distribution of PAH, from C6 to C14, is also observed and that all of the species with more than 6 carbon atoms use benzene as a building block. Table I provides product branching information as a function of residence time, temperature, and pressure. The concentrations are given as mole fractions (expressed as percentages) and are calculated by taking the abundance of a given species and dividing it by the sum of abundances at the same residence time. For clarity, several species are omitted that do not reach significant concentrations on the time scales of our experiments (e.g. cyclopentene) or were only present at short residence time (e.g. butene). Thus, the sum of any row in Table I will not add up to 100%. The decomposition and formation of primary products (and cyclohexane) is shown in Figures 4 and 5 . These figures are derived from the data in Table I and show the dependence on residence time of the relative concentration of the major constituents at 1163 K. Data points to the left of the dashed line in the figure were obtained at ca. 25 torr total. pressure, while those to the right were obtained at ca. 250 torr. By a residence time of 0.7 s, the concentration of cyclohexane has dropped to zero, while ethylene has become the dominant constituent. At the same time, methane, acetylene, benzene, naphthalene, and PAH are increasing in concentration. Butadiene, propylene, methyl acetylene, and vinyl acetylene show behavior characteristic of intermediates, with concentrations that peak at ca. 0.1-0.3 s and then drop, almost monotonically, to much lower levels. Notice the relatively high concentration of PAH (we define PAH to refer to any aromatic species other than benzene). If the PAH contribution to total carbon is considered, the yield is substantial. For example, at 1163 K and ~= 2 . 4 s, PAH contain ca. 16% of the total gas-phase carbon. At higher temperatures, reaction progresses beyond cyclohexane decomposition to the decomposition of initially-formed species. Figure 6 shows the dependence on residence time of the relative concentration of the major constituents at 1363 K. Notice that cyclohexane is not observed because it decomposes too quickly, even at the temperatures encountered in the detection region. In contrast to Figure 4 , ethylene now seems to behave like an intermediate, starting as the major constituent at short residence time and then dropping to low concentrations at long residence time. Acetylene also behaves like an intermediate species, achieving much higher concentrations than those observed in Figure 4 and passing through a maximum at ca. 0.6 s. Methane, benzene, and PAH slightly increase in concentration and then stay relatively constant over the longer residence times, while hydrogen grows dramatically and becomes the dominant species at long residence time, with concentrations much higher than those observed in Figure 4 at 1163 K.
Gas-Phase Kinetics. Under conditions giving the highest extent of reaction (1363 K, 7=2.0 s), benzene, ethylene, acetylene, methane, and hydrogen compose about 99% of the gasphase products (Table I and Figure 6 ). At the same time, it is apparent from Figure 6 that reactivity decreases at the longer residence times since the relative concentrations remain fairly constant. Thus, the system has evolved from twenty nine species in the initial stages to five molecules that are reacting slowly. At these temperatures and residence times, the system is not at e q~i l i b r i u m .~~ However, these five species remain because: (1) they have relatively high kinetic stability under the reaction conditions and (2) the pool of larger and reactive (nonaromatic and hydrogenated) hydrocarbons that can initiate or propagate radical chains has been depleted, further decreasing the rate at which the five species can decompose. The relatively smooth transition between 25 and 250 torr displayed in Figures 4-6 shows that pressure effects are not dramatic even for the primary decomposition of cyclohexane. This is evident from the transition through the vertical dashed line that separates the data taken at the two different pressures. In essentially all cases the concentration curves pass through this transition smoothly. The effect of pressure on product branching can be further evaluated by comparing data under similar levels of decomposition ( Figure 7) . As mentioned earlier, comparing product branching data in this fashion is a common practice in flow reactor experiments. For example, at 1163 K, 95.4% of the cyclohexane decomposed at 25.5 torr and 2-0.24 s while 94.9% of the cyclohexane decomposed at 250 torr and 2-0.36 s ( Table I) . As shown in Figure 7 , the higher pressure appears to facilitate the formation of PAH, benzene (C6H6), ethylene, (C2H4), and acetylene (C2H2). At the same time, the concentrations of propylene (C3H6) and methyl acetylene (C3H4) decrease. These observations are consistent with increased decomposition rates at higher pressures, since the concentrations of PAH, benzene, ethylene, and acetylene increase with residence time in Figure 4 (at the shorter residence times), while intermediate species such as propylene and methyl acetylene decrease (after an early maximum). This may arise from increases in unimolecular reaction rates, which are pressure dependent, or from faster bimolecular reactions due to the higher (absolute) concentrations of reactants. However, it is important to note that, in all cases, the effect is small. This latter observation is not meant to exclude the possibility that pressure affects the unimolecular reaction rates in this system. In fact, a detailed examination of the combustion literature would identify many reactions in this system that are in their pressure falloff region (meaning that they have a pressure dependence). However, the dependence appears to be relatively weak for the major constituents in the system. This experimental observation demonstrates that to a first approximation it should be straightforward to extrapolate the data obtained from these experiments to atmospheric pressure with relatively minimal error.
Experiments designed to separate the influence of concentration from the influence of pressure were less conclusive but appeared to favor more decomposition at higher concentrations. These experiments were conducted to separate the effects of a 10-fold increase in pressure from the concomitant 10-fold increase in (absolute) concentration of the reactants. Experiments were conducted at 1263 K and 26.4 torr for residence times of up to 0.23 s, using initial concentrations of 2% and 6% cyclohexane. The results for a 0.23-s residence time are shown in Figure 8 . More PAH and less acetylene and methyl acetylene were observed at the higher concentration. Other experiments (not shown) also exhibited a slight preference for benzene at the higher concentrations. The increases in PAH and benzene and decrease in methyl acetylene are consistent with more extensive decomposition at higher concentrations (as discussed in the preceding paragraph). However, the decrease in acetylene is not consistent since higher acetylene concentrations are expected with more extensive decomposition (Figures 4 and  6 ) . The decrease in acetylene concentration may be an artifact arising from errors in the subtraction procedure used in analysis, since many higher molecular weight species yield an d z 26-fragment in their mass spectrum. This experiment was also conducted early in the study when the spectrometer had a much larger nitrogen background, further complicating the background subtraction in the 26-28 amu range. However, it is again apparent from Figure 8 that most species were not substantially affected by the change in concentration. 
SUMMARY
The gas-phase branching during the conversion of cyclohexane to solid carbon has been measured in a high-temperature-flow reactor. The experiments show that cyclohexane decomposes into a broad distribution of hydrocarbons that further decompose into the more kinetically stable products hydrogen, methane, acetylene, ethylene, benzene, and PAH. At 1363 K, the evolution to these species occurs quickly. We also observe the buildup of significant amounts of aromatic molecules at later stages in the decomposition, with as much as 15% of the total carbon in PAH and 25% in benzene. At later stages, the gas-phase molecules react slowly, even though the system is not at equilibrium, because of their kinetic stability and the smaller radical pool.
The decomposition does not appear to depend sensitively on pressure in the regime of 25 to 250 torr. Thus, to a first approximation, these results can be extrapolated to atmospheric pressure.
